Induction of the Escherichia coli SOS system increases the ability of the cells to perform DNA repair and mutagenesis. Previous work has shown that this increased mutagenesis is the result of derepression of specific genes through a complex regulatory mechanism controlled by LexA and RecA proteins. 
mutagenesis is the result of derepression of specific genes through a complex regulatory mechanism controlled by LexA and RecA proteins. One role of RecA protein in this process is to facilitate proteolytic cleavage of LexA protein (the repressor) in response to an inducing signal that reversibly activates RecA protein to perform this function. We show that activated RecA protein plays a second role in SOS mutagenesis, as revealed by analyzing repair of UV-damaged phage A in host mutants with alterations in the SOS regulatory system. First, phage mutagenesis was not expressed constitutively in a mutant that is derepressed through lack of functional LexA protein; activated RecA protein was still required. Second, phage mutagenesis was constitutively expressed in the presence of recA mutations that alter RecA protein so that it is activated in normally growing cells. There was also RecA-dependent constitutive expression of SOS mutagenesis in host mutants that lack functional LexA protein and carry plasmids. We discuss several possible biochemical mechanisms for this second role of activated RecA protein in SOS mutagenesis.
LexA and RecA proteins play a central role in regulating the Escherichia coli SOS system. LexA protein, a repressor of approximately 20 operons, undergoes proteolytic cleavage following DNA damage, derepressing the SOS regulon (1, 2) . Cleavage of LexA protein is stimulated by RecA protein that has been reversibly activated by a signaling mechanism, which responds to the inducing treatment (3) . Mutants that carry inactive umuCD genes are deficient in SOS mutagenesis and are slightly sensitive to UV. In addition, these genes are induced by UV light (4) (5) (6) , and derepression of recA alone is not sufficient for mutagenesis (7) , implying that induction of the umuCD operon is necessary.
SOS mutagenesis can be measured by infecting cells previously treated with an inducing agent with UV-damaged phage. When the cells reactivate the phage, a high yield of mutants appears (8) . Base substitution, frameshift, and double mutants are produced near potential targets for damage. The variety of mutations generated suggests that mutants are produced by more than one molecular mechanism (9) . A lower level of mutagenesis that is independent of damage is observed when SOS-induced cells are infected by undamaged phage (10) . However, the classes of mutations produced and the genetic requirements of the host cell may be different from those for mutations associated with repair of damage (1, 2, (9) (10) (11) (12) .
Using a phage mutagenesis assay, we show that host mutants that have no functional LexA protein and, therefore, are expressing umuCD constitutively require activated RecA protein for mutagenesis. Hence, RecA protein plays two roles in SOS mutagenesis: (i) derepression ofthe SOS regulon as described earlier (1, 2) and (ii) another mutagenesis function similar to one described earlier (1, 13, 14) that is different from derepression.
MATERIALS AND METHODS Medium. Tryptone broth was used for routine growth of bacteria and preparation of phage stocks. SM buffer was used for storage of phage stocks (15) . M9-Casamino acid agar, LB agar, or MacConkey agar plates (16) were used in various stages of strain construction. When required, additions were made to these plates in the following final concentrations: 100 ,ug of ampicillin per ml, 20 gg of chloramphenicol per ml, 20 jig of kanamycin per ml, 25 ,g of streptomycin per ml, 25 ,tg of tetracycline per ml, and 0.2% galactose, lactose, maltose, or sorbitol and 50 ,tg of adenine per ml. Baltimore Biological Laboratory's top agar and agar plates were used for phage plaque and infective center assays (17) .
Strains. The genotypes of the E. coli K-12 strains, phage X, and plasmids are listed in Table 1 . Strains were propagated as described (16, 20) . For bacterial strain construction, detailed in Table 1 , we followed standard methods of conjugation, transduction with phage Plvir (16) , and plasmid transformation (21) . For this study, we developed a phage mutagenesis assay using reversion of an amber mutation, which allows rapid scoring of SOS mutagenesis in a large number of host mutants (see Fig. 1 ).
RESULTS
Host Genetic Requirements for Phage Mutagenesis. We first demonstrated that the phage mutagenesis assay we used to detect SOS mutagenesis was typical of other mutagenesis systems in its requirements (1) (9, 10) , there was a small (2.4-fold) stimulation of reversion when induced cells proficient in DNA repair were infected with unirradiated phage, compared to infection of unirradiated cells. Second, when both host cell and phage were irradiated, phage reversion was stimulated 50-fold above the level for unirradiated phage and cells (Table 2 , cell pair A). Third, mutagenesis required LexA protein cleavage because there was no phage mutagenesis in a host with noncleavable LexA protein (Fig. 1 , genotype recA+ lexA3). Fourth, there was no mutagenesis in a host with the SOS regulon derepressed and the mutation umuCJ22::Tn5, demonstrating that the UmuC product is required (Fig. 2) . Fifth, there was no mutagenesis in the (recA-srlR)306 deletion and recAl missense mutants, indicating a requirement for functional RecA protein (Fig. 1) . Sixth, infection of UV-treated repair-proficient cells with irradiated phage also resulted in a 5-fold higher phage survival ( Fig. 1 ; refs. 8 and 22) . Finally, mutants deficient in mutagenesis did not show an increased ability to reactivate phage ( Table 2 , cell pairs C-E).
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. recA+, lexA3 DE190/DE192h Strains were derived from freshly checked stocks of E. coli JM1 and DM1187 (13) . Note that all strains with lexASI also carry lexA3 (13) . Recombinants of JM1 and DM1187 (designated DM1790 and DM3069, respectively) that had lost the weak amber suppressor mutation, supE44, were obtained by conjugation crosses with Hfr 3000X74 (from B. Bachmann) and were shown to be Thr+, Leu+, (lac-pro)XIII, Gal+, His-, and StrR (streptomycin resistant). Derivatives of these strains with either sup' or supD43 [those from DM1790 were denoted DM2550 and DM2551, and those from DM3069 were denoted DM2554 and DM2555], respectively, were from a conjugation cross with Hfr JG75 (from J. Gross), selecting for His+, StrR recombinants and screening for the amber suppressor supD43. DE190 and DE192 are as DM2568 and DM2570, respectively, but are srl+. DE353 We further discovered that the presence of plasmids promotes induction of mutagenesis in the absence of DNA damage. The presence of the sex factor F in lexA51(DefT) cells stimulated mutagenesis 10-fold in the absence of any inducing treatment, and a small additional increase was observed when the host cell was UV-irradiated (Fig. 3) . A similar and slightly larger increase of 20-to 40-fold in mutagenesis without induction was observed in the same lexA51 mutant carrying pBR322 or several of its derivatives (data not shown). No effect of factor F or pBR322 on mutagenesis in lexA' strains was observed, although mutagenesis remained normally inducible by UV (Fig. 3 and data not shown). There was also no stimulation of mutagenesis by factor F in a recA-deleted, derepressed host (Fig. 3) , indicating that the plasmid only stimulates the mutagenesis function of RecA protein rather than substituting for it. We conclude that these plasmids can lead to partial constitutive expression of the RecA mutagenesis function but that they are not capable of stimulating both LexA protein cleavage and mutagenesis.
DISCUSSION
We have defined the genetic requirements for a new mutagenesis function for activated RecA protein in the SOS response. This function is not constitutively expressed in E. coli mutants with a derepressed SOS regulon; these mutants must be treated with an inducing agent such as UV to observe its expression. Our results clearly show that the RecA protein mutagenesis function can be trans-activated (i.e., by plasmids as in Fig. 3 or by a damaged host replicon) , indicating the involvement of a diffusible product. Evidence for a required activation of RecA protein for cellular mutagenesis was also described earlier by Blanco et al. (14) and for phage mutagenesis by Mount (13) .
UV-irradiation can induce both derepression and mutagenesis in RecA+ LexA+ cells. In contrast, we observed that plasmids only stimulate mutagenesis in an already derepressed host. We attribute this result to a requirement for a stronger or different inducing signal for repressor cleavage than for mutagenesis and to the production of a weaker or different signal by the plasmid. We suggest further that the full signal generated by UV irradiation might be a population of different species of molecules and that some plasmids could be generating or mimicking a subset of this population. Due to the striking increase in mutagenesis promoted by What is the biochemical nature of the additional cellular function that must be induced for mutagenesis and what role does activated RecA play? Considering the known biochemical properties of RecA protein, it could act in one of several possible ways to modify DNA replication and make the process more tolerant of DNA damage and prone to error. Activated RecA protein could: (i) promote cleavage of additional repressors, inducing more operons like umuCD whose products are mutagenic; (ii) activate one or more mutagenic products by promoting their cleavage, decreasing fidelity of DNA replication; (iii) be involved in protein-protein interactions with proteins that replicate DNA in a manner that decreases replication fidelity; or, (iv) perform types of DNA strand exchanges (29, 30 ) that aid replication of damaged DNA. We shall discuss these possibilities below.
A function for activated RecA protein in mutagenesis that is related to its ability to facilitate cleavage of repressors is implied by the defect in RecA430 protein in both phage X mutagenesis and induction (24) and in X cI protein cleavage (31 regulating fidelity (34, 35) . Addition of RecA protein to this complex in an in vitro DNA synthesis system decreases fidelity slightly (36) . A modified form of DNA polymerase I called "Poll*," which replicates DNA with lower fidelity in vitro, has also been found in SOS-induced cells (37) 
